We show that certain DNA sequences have the ability to influence the positioning of RecA monomers in RecA-DNA complexes. A tendency for RecA monomers to be phased was observed in RecA protein complexes with several oligonucleotides containing a recombinational hotspot sequence-the chi site from E. coli. This influence was observed in both the 5' to 3' and 3' to 5' directions with respect to chi. A 5'-end phosphate group and probably some other features in DNA also influence the phasing of RecA monomers. We conclude that natural DNAs contain a number of features that influence the positioning of RecA monomers.
INTRODUCTION
RecA protein is the central component of homologous recombination in E. coli. In the last few years a number of RecA protein analogues from different sources have been characterized. That these proteins exhibit rather similar properties suggests that the fundamental features of homologous recombination are common in prokaryotes and eukaryotes (for review see 1;2).
In vitro, the first step of RecA protein promoted strand exchange reaction is the formation of a RecA protein complex with single stranded DNA (presynaptic complex). RecA protein monomers bind cooperatively, completely cover the DNA and thus form a close-packed DNA-protein co-filament. The most widely accepted binding stoichiometry is that each RecA monomer interacts with three nucleotides of single stranded (ss-) DNA (3;4) . Thus, the repeat unit of the presynaptic complex should correspond to three nucleotides interacting with one RecA monomer.
Earlier we demonstrated that when RecA protein binding is initiated on a fluorescent dye molecule attached to the 5'-end of an oligonucleotide there is a modulation of the DMS reactivity of a guanine residue along the oligonucleotide with a period of three bases (5) . This result indicated that there was a strictly ordered (phased) arrangement of RecA monomers on the dye tagged oligonucleotides. In the present study we have asked the question of whether natural DNA contains some features that can influence the positioning of RecA monomers.
Homologous recombination is considered to proceed mainly in a sequence independent manner. At the same time, however, it has been demonstrated that there are some preferred DNA binding and pairing sequences for RecA and the chi-site sequence is among these (6) . The chi-site is a recombination hot spot in E. coli (7) with the sequence -GCTGGTGG (8) that contains two 3-base repeats that conform with the RecA protein-DNA binding stoichiometry and might provide a physical basis for the ordered arrangement of RecA monomers in RecA protein complexes with chi-containing DNA. For these reasons the chi-site sequence has been chosen in the present study as an example of a DNA sequence that may influence the positioning of RecA monomers along a DNA strand.
The present study provides evidence that DNA sequences can influence the phasing of RecA RecA positioning monomers in presynaptic RecA-DNA complexes. That is, that natural DNAs can introduce some order in the arrangement of the RecA monomers in complexes with DNA participating in homologous recombination. The possible biological implications of this phenomenon are discussed.
EXPERIMENTAL PROCEDURES
Protein and oligonucleotides. RecA protein was purified by the method of Cox (18) . Oligonucleotides were synthesized by automated β-cyanoethyl phosphoramidite DNA synthesis on a 380B DNA synthesizer (Applied Biosystem). All oligonucleotides were purified by polyacrylamide gel (PAG) electrophoresis with a standard protocol (19) .
Radioactive label was introduced on the 5'-end of an oligonucleotide with the use of polynucleotide kinase (Promega) or on the 3'-end via the attachment of an additional nucleotide (α-P 32 -ATP) with terminal deoxynucleotidyl transferase (Promega) in accordance with the manufacturer's recommendations. The sequences of synthesized oligonucleotides are listed in Table I .
Complexes, methylation and registration. RecA protein complexes with oligonucleotides were formed by incubating 15 µM of single stranded oligonucleotides and 6.5 µM of the protein in the presence of 0.25 mM of adenosine 5'-O-(3-thiotriphosphate) (ATP-γ-S) in a buffer containing 20 mM of triethanolamine acetate (TEA-Ac) (pH 7.5), 2mM MgAc, 5% glycerol at 37°C for 30 min. The complexes formed were chilled on ice, and DMS was added to a final concentration of 0.4%. After 30 min at 0° C the reaction was stopped by the addition of mercaptoethanol and sodium dodecyl sulfate (to 0.2%) followed by ethanol precipitation. DNA cleavage reactions were performed at 95° C by two successive incubations: 10 min in 10 mM TEA-Ac (pH 7.5), and 10 min in 0.1 M NaOH.
The reaction products were analyzed by electrophoresis on a 16% denaturing PAG followed by visualization and quantitation in a PhosphoImager (Molecular Dynamics). The electrophoretic profiles were normalized to the signal amplitudes for unmodified oligonucleotides.
RESULTS
The approach used was described earlier (5) and is briefly outlined here.
RecA positioning
The oligonucleotides used for the formation of complexes with RecA protein contained a chi-site sequence at different locations and a DNA sequence (referred to as a «control sequence») located in the same position within the oligonucleotide. An example of the oligonucleotides and a general outline of the experimental approach is presented in Fig. 1 . The control sequence contained four guanine bases (designated in Fig. 1A by 1 to 4) conveniently modifiable with dimethyl sulfate (DMS).
While in ss-DNA -RecA complexes the guanine bases react with DMS with the same efficiency as in free ss-DNA, the reactivity of guanine toward DMS is increased in RecA -double stranded (ds-) DNA complexes (5;9). Therefore, to apply the DNA chemical modification method, two shorter oligonucleotides complementary to different regions in the chi-site containing oligonucleotide were added after formation of RecA-ss-oligonucleotide presynaptic complexes (Fig. 1B) . One of these oligonucleotide annealed to the control sequence, another to the chi-site containing region. This experimental design resulted in the formation of RecA protein ds-DNA complexes in these regions and allowed us to characterize the arrangement of RecA monomers in both of these regions. Analysis of the relative reactivity of each of the other G-residues in the control sequence confirms the presence of a three-nucleotide periodicity in the modification pattern. According to their «in phase» location (three nucleotides apart from each other), the G-1 and G-2 residues are always characterized by similar reactivity changes. On the other hand, the reactivity of G-4, in accordance with its «out of phase»
Position of chi influences the phasing of
RecA positioning location relative to the G-3, G-2 and G-1 residues does not correlate with the reactivity of any of these three residues, but also exhibits a periodic variation depending on the position of the chi-site (compare scans 1 and 4).
As expected there is not a dependence of the modification pattern on the distance between the chi-site and the control sequence on naked duplex DNA and in the absence of RecA the modification patterns of the control sequence was the same for all the oligonucleotides (data not shown).
The results presented demonstrate that in RecA protein complexes with these oligonucleotides RecA monomers tend to arrange in a phased manner depending on the position of chi in the oligonucleotide.
This phenomenon is similar to the phasing of RecA on a fluorescent dye molecule located at the 5' end of an oligonucleotide described earlier (5).
An additional experiment was carried out where only the complementary oligonucleotide to the control sequence was added to the ss-DNA-RecA complex (see scheme in Phasing of RecA is observed in both directions from the origin of phasing. The above example demonstrated the capability of the chi-site to influence the phasing in the 5'-to 3'-end direction. To check that this influence expands in the opposite direction as well, another set of radiolabeled oligonucleotides was used (Table I , series II and III). These oligonucleotides contained chi in the central part of the oligonucleotide and control sequences near both oligonucleotide ends. As demonstrated in Fig.   3 the shift of the position of chi along the oligonucleotide induces changes of the modification patterns in both directions from chi (compare scans 2 and 3 in Fig. 3 ) and confirms the capability of chi to influence phasing in both directions.
A phosphorylated 5'-end influences the phasing of RecA monomers. Fig. 3 shows that in the case of (Fig. 2 and Fig. 3 ). In another kind of complexes the binding was initiated at the phosphorylated 5'-end of the oligonucleotide (Fig.4) . These two modes of binding generate changes in both the control sequence and the chi-site modification patterns. 
DISCUSSION
The data presented demonstrate that a specific DNA sequence, in the present case the chi-site from E.
coli, is able to influence the positioning of RecA monomers in recombinational protein-DNA filaments.
The phasing occurs when the RecA protein interacts with ss-DNA, that is, when the presynaptic complex is formed, and can be observed in both the 5' and 3' directions from the origin of phasing.
If the RecA monomers have some preference to bind to a particular DNA sequence the cooperative binding of RecA will ensure that the ensuing closed-packed filament will tend to be phased with respect to this sequence. Given that each RecA monomer contains three different sites of binding for DNAnucleotides, the local environment of one of these sites within a RecA monomer is either more hydrophobic (10) or alters the accessibility of guanines such that G-residues at one of these sites is most easily modified. It is this differential reactivity of G-residues to DMS in the DNA in a RecA-DNA complex that allows us to observe the phasing of RecA monomers (Fig. 5) . That is, when a guanine is situated in one of these sites a stronger modification signal is observed (Fig.s 5A , B and D) and when guanines appear between these sites they exhibit a relatively low level of modification (Fig. 5C ). The modification pattern reverts after the shift of the chi site by three nucleotides ( In a bacterial cell RecA acts as a component of a rather complex protein machine (see for review 11) and other components of the recombination/repair system may also influence the phasing of RecA.
Organization of the presynaptic nucleoprotein filament and possible biological role of RecA phasing.
The physical non-equivalence of individual nucleotide binding sites in a RecA monomer raises the issue of the functional organization of recombinational protein-DNA complexes. The main function of RecA protein is to promote the recognition of homology between similar but not identical DNA molecules.
Nucleotide bases bound at the three distinct sites of the RecA monomer may tolerate non-homology in a partner DNA quite differently, either before or during strand exchange. Such a triplet organization bears a striking resemblance to the structure of the protein coding regions in DNA, where the informational value of a nucleotide depends on its position inside a codon and, consequently, also exhibits a periodic variation with a period of three nucleotides. Additional studies are needed to answer the question whether this is just a coincidence or a feature of functional importance in genetic processes promoted by RecA.
We suggest a relationship between the phasing of RecA monomers with some functionally important features in DNA. For example, there are several facts about chi and the distribution (location) of G and T bases in coding regions of DNA that allow us to speculate about a mechanism by which the RecA monomers on ss-DNA can be phased with the protein coding frames of this DNA. Chi is not only a recombinational hotspot but is also one of the most over-represented sequences in E. coli (12) with an extremely strong tendency to be phased relative to the protein coding frame (13) . The three nucleotide periodicity in the arrangement of G and T bases is a property of the codon bias of E. coli DNA (13;14) in 
